The inner thoracic cavity is lined by the parietal pleura, and the lung lobes are covered by the visceral pleura. The parietal and visceral plurae form the pleural cavity that has negative pressure within to enable normal respiration. The lung tissues are bilaterally innervated by vagal and spinal nerves, including sensory and motor components. This complicated innervation pattern has made it difficult to discern the vagal vs. spinal processes in the pulmonary visceral pleura. With and without vagotomy, we identified vagal nerve fibres and endings distributed extensively in the visceral pleura ('P'-type nerve endings) and triangular ligaments ('L'-type nerve endings) by injecting wheat germ agglutinin-horseradish peroxidase as a tracer into the nucleus of solitary tract or nodose ganglion of male Sprague-Dawley rats. We found the hilar and non-hilar vagal pulmonary pleural innervation pathways. In the hilar pathway, vagal sub-branches enter the hilum and follow the pleural sheet to give off the terminal arborizations. In the non-hilar pathway, vagal sub-branches run caudally along the oesophagus and either directly enter the ventral-middle-mediastinal left lobe or follow the triangular ligaments to enter the left and inferior lobe. Both vagi innervate: (i) the superior, middle and accessory lobes on the ventral surfaces that face the heart; (ii) the dorsal-rostral superior lobe; (iii) the dorsal-caudal left lobe; and (iv) the left triangular ligament. Innervated only by the left vagus is: (i) the ventral-rostral and dorsal-rostral left lobe via the hilar pathway; (ii) the ventral-middle-mediastinal left lobe and the dorsal accessory lobe that face the left lobe via the non-hilar pathway; and (iii) the ventral-rostral inferior lobe that faces the heart. Innervated only by the right vagus, via the non-hilar pathway, is: (i) the inferior (ventral and dorsal) and left (ventral only) lobe in the area near the triangular ligament; (ii) the dorsal-middle-mediastinal left lobe; and (iii) the right triangular ligament. Other regions innervated with unknown vagal pathways include: (i) the middle lobe that faces the superior and inferior lobe; (ii) the rostral-mediastinal inferior lobe that faces the middle lobe; and (iii) the ventral accessory lobe that faces the diaphragm. Our study demonstrated that most areas that face the dorsal thoracic cavity have no vagal innervation, whereas the interlobar and heart-facing areas are bilaterally or unilaterally innervated with a left-rostral vs. right-caudal lateralized innervation pattern. This innervation pattern may account for the fact that the respiratory regulation in rats has a lateralized right-side dominant pattern.
Introduction
Vagal somatic and visceral sensory neurons are located in the jugular (superior) and nodose (inferior) ganglia, respectively, and vary widely in their development, neurochemistry, fibre size, receptor types and functions (Baker, 2005; Helke, 2005; Mazzone & Undem, 2016) . The paratrigeminal nucleus (Pa5) and nucleus of solitary tract (nTS) receive the centripetal termination of the vagal neurons from the jugular and nodose ganglia, respectively (McGovern et al. 2015a,b) .
The visceral pleura covers the surface of the lung lobes, and the parietal pleura lines the thoracic cavity. Both pleurae are in close contact to form the pleural cavity that causes negative pressure within to enable normal respiration. Vagal innervation in the smooth muscles of the extrapulmonary and intrapulmonary airways has been well established (Mazzone & Undem, 2016) . However, the vagal vs. spinal innervation pattern in the pulmonary visceral pleura have yet to be determined despite the fact that their existence was initially investigated over 100 years ago (Gaylor, 1934) .
The visceral pleura of the lung is innervated by the sensory nerve fibres in the peri-hilar, mediastinal, interlobar, diaphragmatic and costal areas (Larsell, 1921; McLaughlin, 1933; Honjin, 1956a,b; Spencer & Leof, 1964; Dwinnell, 1966) . Larsell & Mason (1921) confirmed that vagal nerve fibres and endings are distributed within the lung. Larsell & Coffey (1928) used physiological recordings with vagotomy to conclude that the thoracicolumbar autonomic system, not the vagus, is the one related to the interlobar nerve endings. Honjin (1956a) demonstrated in mice that the homologous sensory nerves innervate the pulmonary pleura only in the areas near the hilum, specifically at the mediastinal and interlobar pleura. Honjin (1956b) further verified that it is the vagus, not the upper thoracic spinal ganglion, that contributes to the subpleural nerve bundles in the peri-hilar area of the lungs. In rat lungs, Pintelon et al. (2007) described the presence of non-vagal 'visceral pleura receptors' after vagotomy, suggesting a spinal origin of innervation.
The lungs are innervated by a complicated pattern of bilateral vagal and spinal elements (Larsell, 1922; Honjin, 1956a,b) . Without adequate control, the vagal innervation trace solely completed by vagotomy may lead to a falsepositive or false-negative conclusion. For example, the vagal hepatic branch was once wrongly concluded to innervate the stomach (Wang et al. 2012) . After 18 years of research and exploration, we are revisiting the vagal vs. spinal innervation in the pulmonary visceral pleura in the rat. For clarity, we are adopting the terminology 'superior' and 'inferior' lobes rather than the 'right cranial' and 'right caudal' lobes, and reserve the terms 'rostral' and 'caudal' to describe the locations of the lungs innervated by the left and/or right vagus.
Materials and methods
We injected neural tracer, wheat germ agglutinin-horseradish peroxidase (WGA-HRP), into the rat's nTS (with or without vagotomy) or unilaterally into the nodose ganglion to determine: (i) the overall distribution of the vagal nerve endings in the visceral pleura and triangular ligaments that connect the caudal left lobe and right inferior lobe to the diaphragm; and (ii) the neural pathways coming from the sub-branches of the left or right vagal trunk.
Subject housing environment
Male Sprague-Dawley rats (N = 45; BW: 275 AE 14 g, 165-475 g), obtained from BioLASCO (Taipei, Taiwan), were housed individually and maintained on a 12-h light/dark cycle at room temperature 23-25°C upon arrival. Rat pellets and tap water were available at all times, except the night before surgery when only water was supplied. All experimental treatments were under the guidelines of the Council of Agriculture, Executive Yuan, R.O.C., and approved by the Institutional Animal Care and Use Committee of National Chung Cheng University. All the guidelines are in line with those employed by the NIH.
Trace vagal pathways and nerve endings
To trace the vagal nerve endings, we injected WGA-HRP (1.5-2.5 lL) into the nTS (four-five sites from the rostral to caudal on each side) in 16 na€ ıve rats with Picospritzer III (Parker Hannifin, General Valve Operation, Fairfield, NJ, USA; 45-50 lbs pressure; 4-6 ms) through a glass micropipette (OD: 1.2 mm; ID: 0.69 mm; glass capillary tubing, GC120T-10; Warner Instrument, Hamden, CT, USA; Walls et al. 1995a,b; Wang & Powley, 2000 Wang et al. 2012) . The caudal end of the area postrema is the origin point. The coordinates for the injection sites are (AErostral-caudal, AEleft-right): (+0.4 mm, AE1.3 mm), (+0.1, AE0.8), (0.0, AE0.4), (À0.3, AE0.2) and (À0.6, AE0.15) with the distance away from the area postrema. The first number is the rostral-caudal axis with '+' for rostral to and 'À' for caudal to the origin. The second number is the left (À) and right (+) away from the midline. The injection sites were shifted nearby whenever the blood vessels were encountered. The depth of the injection was between 0.1 mm and 0.2 mm. To avoid sticking the needle tip to surrounding tissues, we withdrew the needle upward a little at least twice during the injection.
To determine how the left and right vagi innervate the lung lobes, we added two more experimental groups: (i) unilateral WGA-HRP injection into the nodose ganglion (n = 17); and (ii) unilateral WGA-HRP injection into the nTS after ipsilateral cervical vagotomy (n = 12). All the subjects were anaesthetized with pentobarbital sodium (50 mg kg À1 , ip). The incision was closed with interrupted silk sutures and treated with antibiotic powder (neomycin sulphate). Once the animal recovered from resting on a heating pad (36°C), it was returned to its home cage.
Tissue preparation and photography
Three days post-treatment, each rat was injected with an overdose of pentobarbital (100-120 mg kg
À1
, ip) and 0.2 mL of Heparin (1000 units) and Papaverine (used to dilate the blood vessels) consecutively into the left ventricle. Then, it was perfused (MasterFlex pump, Cole-Parmer Instrument, USA) transcardially with 400 mL of warm saline (37°C), followed by 250 mL of fixation solution (10 g paraformaldehyde and 265 lL glutaraldehyde in 0.1 M 500 mL phosphate buffer, 4°C, pH 7.3-7.5) and 150 mL of 10% sucrose phosphate buffer (4°C, pH 7.3-7.5).
The lung lobes, trachea, oesophagus and diaphragm were prepared as a whole-mount (Wang & Powley, 2000 Wang et al. 2012) . The unrelated tissues attached to the whole-mount were roughly separated or removed with pairs of No. 7 forceps, and then processed and observed under a surgical microscope according to the standard protocol for HRP-TMB (tetramethyl benzidine) colour reaction (Walls et al. 1995a,b; Wang & Powley, 2000 Wang et al. 2012) . Any tissues interfering with the chemical reaction were further exposed or removed.
for immediate photography. Each nerve ending was photographed for later counting and measurement. The montages of vagal innervation pathways on the lung lobes were composed later. To further examine whether the vagal nerve endings were within the pleural sheet or in the subpleural tissue, we dissected some tissue blocks and counterstained them with crystal violet. By adjusting the zoom, the location of the nerve endings was determined. For high-power examination, some tissue blocks counterstained with crystal violet were further air-dried overnight, dipped in Xylene for 5 min, and coverslipped with UltraKitt mounting medium. The tissues were then examined under a light microscope (Axoplan II, Zeiss, Oberkochen, Germany) equipped with a digital camera (MicroFire Camera, Optronics, Goleta, CA, USA; DMC2900, Leica). Digital images were captured using Image Pro Plus 6.3 (Media Cybernetics, Silver Spring, MD, USA) or Las Multistep (Leica). All images were adjusted for their brightness and contrast with Photoshop CS2.
Results
Counterstained with crystal violet and by adjusting the focus depth of the tissue, we determined that the vagal nerve endings are indeed within the pleural sheet, and have different types and shapes (Figs 1 and 2 ). Vagal nerve endings in the area transiting from the triangular ligaments to the inferior and left lobe (Figs 2F, G and 3A) are movable when the ligaments are lightly touched or lifted up. Overall, the left and right vagal nerve endings, traced by WGA-HRP and prepared with en block organ, are sparsely and extensively distributed in: (i) the visceral pleura of the lungs (Figs 2-8); and (ii) the left and right triangular ligaments (Fig. 2H-J ) that connect the visceral pleura downward to the muscles of the diaphragm at the points that are dorsal and lateral to the oesophagus and correspond to the caudal-lumbar part (Figs 3 and 4).
Types of vagal nerve endings
Based on the distribution locations, we name the vagal nerve endings in the visceral pleura as 'P'-type ( We further divided the P-type nerve endings into three different sub-types: the 'line' shape ( Fig. 2A ) with a longer but thinner shape; 'knob' shape ( Fig. 2A ) with a shorter but wider shape; and 'spray' shape ( Fig. 2B-F ) with up to 11 terminals arborizing from the nerve fibre ( Fig. 2B-E) . Sampled from five subjects each with seven nerve endings, the size (length 9 width, mean AE SEM) for the line shape is 91.5 (ranging from 33.8 to 158.8) AE 4.4 lm 9 6.4 (4.0-9.4) AE 0.3 lm, and 53.8 (30.0-86.6) AE 2.5 lm 9 10.5 (6.1-15.2) AE 0.4 lm for the knob shape. The average area of the spray shape nerve ending is 336.6 AE 23.3 lm 2 , ranging from 86.6 to 566.5 lm 2 .
Distribution and counting of vagal nerve endings in the visceral pleura
Based on subjects with clear left or right innervation pathways and subjects with unilateral injection into the nodose or nTS after ipsilateral vagotomy, we obtained three patterns of vagal pulmonary pleural innervation: bilateral; lateralized; and dominant. Overall, most of the lung areas that face the dorsal thoracic cavity have no vagal innervation. Interestingly, all of the visceral pleura of the lung lobes that face the heart have vagal fibres and nerve endings (Figs 2A, 3A , 5A-C, 6A-L, 7A, 8 and 9). Figure 9 shows the number of P-type vagal nerve endings (mean AE SEM) and their innervation origins (left and/or right vagal trunk) in the visceral pleura. The counts of the surface that faces the inferior lobe: 2.2 AE 1.36); and the inferior lobe, 15.0 AE 4.09 (4.4 AE 1.47 vs. 10.6 AE 4.03).
As summarized in Fig. 9 , both vagi innervate: (i) the ventral surfaces that face the heart in the superior (12.0 AE 1.22; Figs 6A-L and 9), middle (4.4 AE 0.93; Figs 7A and 9) and accessory (3.4 AE 1.03; Figs 5A-C and 9) lobes; (ii) the dorsalrostral superior lobe extending from the mediastinal (Fig. 6M) to the lateral side (3.6 AE 1.29; Fig. 6N-Q) ; (iii) the dorsal-caudal left lobe in the area near the triangular ligament (4.8 AE 1.91 ; Fig. 4) ; and (iv) the left triangular ligament (Fig. 2H,J) .
The left vagus exclusively innervates the rostral part of the left lobe on the ventral surface (29.0 AE 2.07; Fig. 3A) , the ventral-to-dorsal area (Fig. 3B ) and the dorsal-rostral surface (Fig. 3C ) with sub-branches running through the hilum. Sub-branches of the left vagal trunk, running along and from the oesophagus, also exclusively innervate the left lobe in the ventral-middle-mediastinal area (9.4 AE 3.04, these counts include the ventral-caudal left lobe from the right vagus; Fig. 3A,D) and the accessory lobe on the dorsal surface that faces the left lobe (5.2 AE 1.74; Fig. 5A-C) .
The right vagus, with sub-branches running along the oesophagus and diaphragm, exclusively innervates: (i) the ventral-caudal (5.4 AE 2.71; Fig. 4 ) and dorsal-caudal inferior lobe (4.4 AE 1.47, these counts include the dorsal-rostralmediastinal area that has sub-branches without knowing their origins, see below; Fig. 4 ) in the area near the triangular ligament; (ii) the left lobe in the dorsal-middle-mediastinal area (seven nerve endings found in one subject; As shown in Fig. 2A , the ventral-rostral inferior lobe that faces the heart is innervated by the left vagus and the right vagus is yet to be determined. The other areas innervated by the vagus with unknown pathways include: (i) the middle lobe on the dorsal surface that faces the superior lobe (3.0 AE 1.05; Fig. 7B ) and on the ventral surface that faces the inferior lobe (2.2 AE 1.36; Fig. 7H ); (ii) the inferior lobe in the dorsal-rostral-mediastinal area (4.4 AE 1.47, these counts include the dorsal-caudal part near the triangular ligament, see above; Fig. 8 ) and the ventral-rostral part that faces the heart (4.8 AE 2.56; Fig. 8) ; and (iii) the accessory lobe on the ventral surface that faces the diaphragm (Fig. 5G-I , the only subject stained with three nerve endings).
Discussion
It has been concluded that in humans (Spencer & Leof, 1964) and mice (Honjin, 1956a) , all the pleural nerve endings are located in the subpleural alveolar structures in limited lung areas with no sensory nerve endings in the visceral pleura itself. Recently, Pintelon et al. (2007) reported the non-vagal 'visceral pleura receptors' in the rat lungs. Here in the rat, we present the overall distribution of the vagal nerve fibres and endings that are located widely in the visceral pleura of the five lung lobes.
Vagal pulmonary pleural innervation: nerve endings
We identified two kinds of vagal nerve endings: P-type nerve endings with three different shapes in the visceral pleura; and L-type nerve endings in the left and right triangular ligaments. Since no report has ever shown parasympathetic postganglionic neurons or effectors located on the surface of the lungs, we presume the P-and L-type nerve endings are vagal sensory endings. Intracranial vagal rhizotomy may offer the final conclusion (Walls et al. 1995a; Wang & Powley, 2000) .
Interestingly, L-type nerve endings are located in the rarely mentioned triangular ligaments or the extensions of the visceral pleura that connect the caudal parts of the lung lobes to the muscles of the diaphragm. We identified and estimated the length, width and area of the three kinds of P-type endings: the 'line'; 'knob'; and 'spray' shape (Fig. 2) . The 'line' and 'knob' shape endings seem to correspond to the 'free fibre endings', and the 'spray' shape to the 'unencapsulated endings' that were found in the visceral pleura between the lobes and on the diaphragmatic surfaces by Dwinnell (1966) in the lamb, rabbit, monkey and dog.
Vagal innervation in the visceral pleura: verification and types By adjusting the focal depth of the stereomicroscope and by observing the lung lobes in their entirety directly before and after being counterstained with crystal violet after the HRP-TMB colour reaction, we verified the nerve endings do distribute widely though sparsely in the membrane of the visceral pleural sheet of the lung lobes (Figs 1, 2, 3A and 9 ). The presentation of the vagal nerve endings in the triangular ligament, an extension of the visceral pleura, is further evidence for the P-type endings being located in the visceral pleura (Fig. 2) . Especially since the nerve endings located at the sites that interface the triangular ligaments and the surfaces of the lung lobes (Figs 2F and 3A) are removable from positions (Nassenstein et al. 2010) . For the airway innervation, neurons in the jugular and nodose ganglia, respectively, send nerve endings to the Pa5 and nTS (McGovern et al. 2015a,b) . From our unpublished observations to determine the intracranial rootlets of the glossopharyngeal and vagus nerves and other related experiments, WGA-HRP injected unilaterally into the nodose ganglion or nTS can easily diffuse rostrally into the jugular ganglion or laterally into the Pa5, and even far across the midline into the other side of the nTS. The WGA-HRP injection into the nodose with high volume of tracer may even have widely labelled all the intracranial rootlets of the glossopharyngeal, vagal and spinal accessory nerves. Thus, our vagal tracing in the pulmonary visceral pleura and triangular ligaments should have included both the jugular and nodose components. Therefore, the vagal innervation might mediate both the somatic and visceral sensory signals to the central respiratory stations. Fig. 7 Vagal innervation in the visceral pleura of the middle lobe. Traced with WGA-HRP, sub-branches of the vagal trunk innervate the middle lobe on the surfaces that face the heart (A, C-G), the superior lobe (B, I, L) and the inferior lobe (H). The surface that faces the heart is innervated by both vagi, whereas the other two surfaces are undetermined. The same numbers mark the same nerve endings with macro (for location) and micro (for details) view. (H) Arrowheads indicate the nerve endings. Scale bars: 0.5 mm (A, H); 0.2 mm (B); 50 lm (C-G, I-L).
Vagal or spinal origins?
Neurons from the nodose ganglia, vagal trunks and the pulmonary plexuses in the hilum all deliver nerve fibres to reach the interlobar pleura (Larsell, 1922; Honjin, 1956b) . Thus, Dwinnell (1966) suggested that intracranial cuts to the dorsal or ventral rootlets and cervical vagotomy are the keys to resolve the nature of the central pathways of these pleural nerves. Ironically, it had been the use of 'vagotomy' that denied the existence of the vagal elements on the surface of the lung lobes (Larsell, 1922; Larsell & Coffey, 1928; Pintelon et al. 2007 ). In mice, Honjin (1956b) demonstrated that the right vagus innervates the subpleural tissues of the superior lobe only limited to the peri-hilar and mediastinal areas with ipsilateral but not contralateral innervation. As shown in Fig. 9 , both vagi do widely innervate the surface of the lung lobes and some areas do receive bilateral vagal innervation. With this complicated innervation, neither the intracranial rhizotomy nor the cervical vagotomy alone can easily determine the vagal afferent or efferent nature. Indeed, this bilateral and wide innervation could account for the falsenegative identification of the vagal pleural innervation in the earlier reports (Larsell, 1922; Larsell & Coffey, 1928; Pintelon et al. 2007 ). The vagal elements might survive after incomplete vagotomy and then were recognized as nonvagal origins. Actually, the false-negative conclusion of Larsell and Coffey's physiological experiment was based on their limited structural and functional knowledge on the vagal innervation. Moreover, the adequate stimuli and the range of the receptive fields for this wide vagal innervation in the visceral pleura and triangular ligaments were not considered and are still yet to be defined.
The visceral pleura receptors identified by Pintelon et al. (2007) are more likely to be from the vagus or vagi as the morphology of their nerve endings is similar to ours and the survival of the nerve elements after vagotomy is to be expected with the complicated and overlapping vagal innervation. Since Honjin's (1956b) degeneration study in the mouse only identified very limited vagal pulmonary pleural innervation, his conclusion in the negative spinal pulmonary pleural innervation from the upper thoracic dorsal root ganglia may need further verification.
Vagal pulmonary pleural innervation: pathways and distribution
We obtained a large individual difference in tracing the vagal nerve endings in the pulmonary visceral pleura. An incomplete tracer injection and other unknown factors may account for it, which could result in the underestimation of the vagal nerve endings. To reconcile the complicated crossover innervation of the left and right vagus to the lung lobes, we adopted three experimental groups, and partially verified that the left and right vagal nerve endings are sparsely distributed in the pulmonary visceral pleura and the triangular ligaments with a left-rostral vs. right-caudal innervation pattern.
Hilar and non-hilar pathways: the reason for earlier false-negative? Corresponding to the classical pathway running from the hilum by way of the interlobular septa to find their way to the pulmonary peri-hilar pleura (McLaughlin, 1933; Larsell, 1935; Honjin, 1956a,b; Spencer & Leof, 1964; Dwinnell, 1966) , we found: (i) sub-branches of the left vagal trunk run along the septa of the hilum to innervate the rostral caudal and ventral surfaces of the left lobe; and (ii) sub-branches of the right vagal trunk run through the septa of the hilum to innervate the dorsal middle-mediastinal surface of the left lobe (Figs 3 and 9) . Although some of the pathways could not be accurately determined, it is reasonable to say that most of them also run from the hilum and along the visceral pleura to deliver the nerve endings as their proximal A B Fig. 8 Vagal fibre bifurcated to innervate the dorsal and ventral surfaces of the rostral inferior lobe. One vagal fibre, pointed by an arrow in (A) (for location) and (B) (for details), runs from the root of the inferior lobe that faces the middle lobes and bifurcates as two fibres to innervate the dorsal (faces the middle lobe) and ventral (faces the heart) surfaces of the inferior lobe. Though the surface that faces the heart is innervated by the left vagus (see Fig. 2A) , the left or right vagal origin for this fibre was undecided. Scale bars: 0.2 mm (A); 0.05 mm (B).
nerve bundles are located at the root of the lung lobes .
In addition to the classical hilar pathway, we identified two novel non-hilar pathways innervating the pulmonary visceral pleura of the middle and caudal left lobe as well as the inferior lobe. First, vagal sub-branches run caudally along the oesophagus and turn to the lung lobes (Figs 3  and 4) . Second, the ones run more caudally toward the base of the diaphragm and turn rostrally along the triangular ligaments to enter the caudal parts of the lung lobes (Figs 3 and 4).
As summarized in Fig. 9 , we could not determine the left and/or right vagal origins in five areas of the lung lobes: the middle lobe that faces the superior and inferior lobes; the rostral inferior lobe on the mediastinal surface that faces the middle lobe (Fig. 8) ; and on the surface that faces the heart by the right vagus; and the accessory lobe that faces the diaphragm (Fig. 5G) . These undetermined vagal pathways are too delicate to be traced well and they might have their origin from other undefined pathways. These vagal innervation pathways make it more complicated for the experimental control and interpretation of the physiological recording in stimulating the pulmonary tissues.
Exclusive innervation for lateralized regulation
The stomach is the only organ of the gastrointestinal tract that receives exclusive vagal sensory innervation: the dorsal and ventral parts of the stomach, respectively, receive the right and left vagal afferent innervation (Wang & Powley, 2000) . Here, we found that the lung lobe receives bilateral and ipsilateral vagal innervation. Both vagi innervate the superior, middle and accessory lobes on the ventral surfaces that face the heart, the dorsal-rostral superior lobe, the dorsal-caudal left lobe in the area near the triangular ligament, and the left triangular ligament. Only the left vagus innervates the rostral left lobe on the dorsal and ventral surfaces, which correspond to the superior lobe. On the other hand, the dorsal-middle-mediastinal left lobe (Fig. 3E ) and the caudal parts of the inferior lobe on the dorsal and ventral sides and the ventral left lobe are innervated only by the right vagus. The left triangular ligament innervated by the left nodose ganglion was found only in one subject (Fig. 2G,H) . Thus, both the left and right triangular ligaments are 'dominantly' innervated by the right vagus. Coincidently, a physiological study with vagotomy by Song et al. (2015) showed that the respiratory regulation of the rats has a lateralized right-side dominant pattern, which is in agreement with our current left-rostral vs. right-caudal lateralized vagal innervation pattern.
Vagal pulmonary pleural innervation: experimental considerations Any physiological method designed to inflate or deflate the lung can simultaneously stretch all tissues in the lungs. Thus, vagal innervation in the visceral pleura and triangular A B Fig. 9 Overall distribution of the vagal nerve endings in the pulmonary visceral pleura. From the ventral (A) and dorsal (B) view of the lung lobes, the numbers in parentheses (mean) and the size of the stars show the relative density of the vagal innervation from the left and/or right vagus or undecided origin. The white stars for AL-L, vmL-L, vcLL-R in the accessory lobe (A) and for MS-? in the middle lobe (B) indicate the hidden regions for these four areas. A-H-LR, accessory lobe that faces the heart, left and right vagus; AD-?, the accessory lobe that faces the diaphragm with three nerve endings identified in one subject, undecided origin (see Fig. 5G ); AL-L (white stars), the dorsal accessory lobe that faces the left lobe, left vagus; dcIL-R, the dorsal-caudal inferior lobe in the area near the triangular ligament, right vagus; dcLL-LR, the dorsal-caudal left lobe in the area near the triangular ligament, left and right vagus; dmL-R, the dorsal-middle-mediastinal left lobe, right vagus; drL-L, the dorsal-rostral left lobe, left vagus; drS-LR, the dorsal-rostral superior lobe, left and right vagus; E, oesophagus; IM-?, the mediastinal inferior lobe that faces the middle lobe, undecided origin; LA, left atrium; M-H-LR, the middle lobe that faces the heart, left and right vagus; MI-?, the middle lobe that faces the inferior lobe, undecided origin; MS-?, the middle lobe that faces the superior lobe, undecided origin; RA, right atrium; T, trachea; vcIL-R, the ventral-caudal inferior lobe in the area near the triangular ligament, right vagus; vcLL-R, the ventral-caudal left lobe in the area near the triangular ligament, right vagus; vmL-L, the ventral-middle-mediastinal left lobe, left vagus; vrI-H-L+/R?, the ventral-rostral inferior lobe that faces the heart, left vagus, right vagus undecided; vrL-H-L, the ventral-rostral left lobe that faces the heart, left vagus; vS-H-LR, the ventral superior lobe that faces the heart, left and right vagus. Scale bars: 2 mm.
ligaments needs to be carefully considered in any experiment designed to deflate and inflate the lungs. Besides, it will be interesting to explore the relationship between these vagal nerve endings and the negative pressure of the intra-pleural cavity and other hidden functions.
Dancing with the heart and diaphragm? As summarized in Fig. 9 , the areas that face the heart are all innervated by the vagus, whereas most of the lung areas that face the dorsal thoracic cavity do not receive vagal innervation. Both vagi innervate the areas that face the heart in the superior, middle and accessory lobes. In addition, the area that faces the heart in the rostral-ventral left lobe is innervated by the left vagus only, and the rostral-ventral inferior lobe that faces the heart is also innervated by the left vagus though the right vagus is yet to be determined. Furthermore, the triangular ligaments are dominantly innervated by the right vagus. This special vagal innervation may offer a new perspective to examine the neural regulation mechanisms that control the movements of the lung lobes, the heart and the diaphragm.
